A series of cobalt ferrite samples were synthesized from a metal nitrate solution at constant pH between 9 and 12 by the controlled co-precipitation method without any surfactant. Cobalt and iron nitrates and sodium hydroxide base were simultaneously dosed so that the pH was precisely controlled during co-precipitation. The samples were characterized by PXRD, SEM, TEM, BET, and TPR. Careful analysis of typical PXRD peak profiles suggested the presence of two different variants of cobalt ferrite, a nano-scale material giving rise to broad peak tails and a more crystalline material leading to a sharper central profile.
Introduction
Nanomaterials are of great importance because of their special properties compared to bulk materials. Depending on the size, shape and surface morphology, nanomaterials can show different electrical, optical, and catalytic properties. The catalytic activity of nanomaterials is related to the high surface area and large surface to volume ratio. Ferrite nanoparticles of general formula AFe 2 O 4 in which the divalent A 2+ and Fe 3+ ions distributed in T d and O h sites of the cubic spinel structure are good candidates for oxidation catalysts since their catalytic activity can be easily modified by changing the cation distribution. [1] [2] [3] [4] [5] Cobalt ferrite is an important candidate in the spinel family and was studied extensively due to its interesting magnetic properties such as high saturation magnetization (M S ), coercivity (H C ), and magnetocrystalline anisotropy. 6, 7 Due to its remarkable chemical stability, mechanical hardness and high activity, it is also interesting as an oxidation catalyst. [8] [9] [10] [11] A number of chemical methods such as co-precipitation, 12, 13 sol-gel, 14 hydrothermal, 15 micro-emulsion, 16, 17 spray pyrolysis, 18 reverse micelles, 13 sonochemical, 19 and organic precursor decomposition 20 are available for the synthesis of ferrite nanoparticles. It was generally found that the size and shape and the physical properties of nanoparticles prepared using these techniques are highly dependent on the method of synthesis and the nature of the surfactant used. The reaction temperature, pH of the medium, annealing temperature, ageing time, and concentration of the reactants are some of the important parameters that influence the size, shape, and physical properties of the nanoparticles. The co-precipitation method is a widely used method in nanoparticles synthesis owing to advantages such as low cost, environmentally benign method, easy tuning of the microstructure, and high reproducibility. The co-precipitation method involves nucleation followed by growth of the particles which are strongly affected by the conditions of the precipitation reactions.
0.1-1.0 M such that [Co 2+ ] : [Fe 3+ ] = 1 : 2, followed by oxidation under controlled conditions using NaOH and H 2 O 2 . 23 Kim et al.
have prepared CoFe 2 O 4 nanoparticles in aqueous solutions at various temperatures using the co-precipitation approach without using a template. 24 When the precipitation temperature varied from 20 to 80 1C the average particle sizes were increased. Houshiar et al. compared the effect of different preparation methods like combustion, co-precipitation, and precipitation on the structural and magnetic properties. 12 Ayappan et al. investigated the effect of digestion time on the crystallite size, cation distribution, and magnetic properties of CoFe 2 O 4 nanoparticles synthesized by the co-precipitation method. 25 Fannin et al. compared the microwave absorbent properties of cobalt ferrite powders prepared by co-precipitation and subjected them to different thermal treatments. 26 Gul et al. compared the optical, magnetic, and electrical investigation of cobalt ferrite nanoparticles synthesized by the co-precipitation route. 27 Zhang et al. compared the composition and magnetic properties of cobalt ferrite nanoparticles prepared by the co-precipitation method. 28 Maaz et al. synthesized cobalt ferrite using a wet chemical method using oleic acid as the surfactant.
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Although there are many reports on the preparation of cobalt ferrite nanoparticles by the co-precipitation method, only few address the relationship of synthesis parameters, in particular pH and micro-structure with catalytic properties in heterogeneous oxidation reactions. In addition, most of the reported studies concentrate on bringing the pH value to a desired value at the end of precipitation, rather than maintaining the pH constant from the beginning of the precipitation. In a typical procedure, the pH was brought to the desired value by either adding a certain amount of base to the metal nitrate solution or vice versa similar to a titration experiment interrupted at a given pH. As a consequence, samples synthesized at different pH values will all follow a similar titration-curve like pH evolution making it sometimes difficult to identify differences between the samples and to clearly trace these differences back to the precipitation conditions. The present study reports the synthesis of cobalt ferrite nanoparticles using the co-precipitation method, keeping the pH better controlled and constant by simultaneous dosing. This method is usually more reproducible and more scalable and often applied in industry. In an academic study like this one, better defined differences between materials co-precipitated at different pH can be expected giving rise to a clearer correlation of this synthesis parameter with structural and catalytic properties. This constant pH co-precipitation method was successfully employed for example to prepare methanol synthesis catalysts. 30 However, to the best of our knowledge, this is the first time this approach is being used for the synthesis of cobalt ferrite spinel nanoparticles. The resultant materials were used as catalysts in the CO oxidation reaction.
Experimental methods

Synthesis
A constant pH co-precipitation method was used for the synthesis of cobalt ferrite nanoparticles. A computer-controlled Mettler-Toledo Labmax setup was used to obtain stringent control over the pH, flow rate of solutions, ageing time, and temperature during the preparation of the samples. 250 ml of 0.1 M iron nitrate (Fe(NO 3 ) 3 Á9H 2 O) and 250 ml of 0.05 M cobalt nitrate (Co(NO 3 ) 2 Á6H 2 O) were mixed. The precipitating agent was 0.8 M NaOH. Here the precipitating agent and the metal salt solutions were dosed simultaneously into a reactor containing 400 ml of bi-distilled water within 40 min. The temperature was kept at 60 1C via a constant flow of heated/cooled oil flowing through the double-wall of the reactor. The dosing of the mixed metal nitrate solution was conducted at a constant rate and the addition of the base was controlled in a way that the pH of the resulting solution was kept constant. A series of samples was prepared at pH 12, 11, 10 and 9, respectively. The solids were aged for 2 h at 60 1C under stirring in the mother liquor without pH control. The products were filtered and washed with micro pore water until the conductivity of the filtrate was less than 1 mS cm
À1
. The mixture was centrifuged and dried overnight at 110 1C. The sample prepared at pH 11 was calcined at 190, 300, 500, and 600 1C in air using a temperature ramp of 2 1C min
and a hold time of 120 min.
Characterization
The crystalline nature of the samples was studied using two Bruker AXS D8 Advance diffractometers in Bragg-Brentano geometry, using Cu Ka 1+2 radiation (Advance Series II: secondary graphite monochromator and scintillation detector; Advance DaVinci: Ni filter and Lynx Eye energy dispersive position sensitive silicon strip detector). The reference patterns for comparing the X-ray diffraction pattern of the nanoparticles were taken from the PDF (Powder Diffraction File)-database issued by the ICDD (International Centre for Diffraction Data). Thermogravimetric analysis (TGA) was performed on a Netzsch STA449 thermo balance connected to a quadrupole mass spectrometer (Thermo Star, Pfeiffer). The measurements were performed with approximately 15 mg sample in a temperature range of 30-1000 1C with a rate of 5 kpm under controlled gas flow (21% O 2 in Ar, 100 ml min À1 ). The surface morphology of the samples was studied using a Scanning Electron Microscope (SEM) Hitachi S-4800 (FEG) equipped with a field emission gun. The samples were loosely dispersed on conductive carbon tape. The SEM was operated at low accelerating voltage (1.5 kV) for a better resolution of the surface features of the samples. Elemental analysis by using X-ray energy dispersive spectroscopy (EDX) was carried out at 15 kV using an EDAX detector connected to the SEM. HRTEM images were taken on a FEI Titan 80-300 equipped with a Cs corrector at 300 kV. The surface area of the samples was determined by N 2 physisorption (Quantachrome Autosorb-1) using the BET method. The samples were degassed for 2 h under dynamic vacuum conditions at 80 1C. The pore size distribution was determined from the desorption branches of the isotherm using the BJH method. The reduction patterns of the samples were studied using temperature programmed reduction (TPR). 30 mg of the calcined sample was reduced in 5% H 2 in Ar at a heating rate of 6 1C min À1 (80 mL min À1 ) in a fixed bed reactor (TPDRO-1100, CE instruments). The H 2 consumption was monitored using a thermal conductivity detector (TCD).
Catalytic testing
CO-oxidation as a catalytic test reaction was carried out in a self-constructed catalytic reactor setup which is equipped with an on-line gas analyzer (X-Stream, Emerson/Rosemount), consisting of a paramagnetic sensor and an infrared detector to quantify O 2 , CO, CO 2 , and H 2 O. The temperature in the catalyst bed can be directly monitored by an analog connection to the gas analyzer. The setup is equipped with a switch-board for mixing the carrier gas (He 5.0) with CO (3.7), O 2 (5.0), or H 2 (5.0) with the help of 6-port switching valves (Valco, Vici). Every gas line is equipped with a filter, a mass-flow controller (E1-flow, Bronkhorst), a check valve, and a shut-off valve. The CO-gas line is equipped with a carbonyl remover, consisting of a tube filled with inert SiC and heated to 573 K. The carrier gas line is equipped with a water and oxygen filter. The reactor itself is a U-tube reactor with an inner diameter of 5 mm, made of glass-lined steel (SGE).
It is placed inside a Cu-block oven for a maximum temperature of about 773 K, controlled by a Watlow thermo-controller unit and offering an isothermal zone of about 4 cm (AE1 K). The oven is equipped with a pressured-air connection to make faster cooling possible. Usually, 25 mg of the catalyst, diluted by 250 mg of inert SiC (particle diameter: 250-355 mm) were weighed out and reduced in 5% H 2 -He or in 2% CO-He (100 ml min
À1
) at different temperatures (2 kpm, holding time 30 min). For the succeeding CO-oxidation, normally three repeated light-off conversion cycles were measured (100 ml min À1 , 0.5% O 2 , 1% CO, 98.5% He) from 323 to 523 K (2 kpm heating rate, 15 min holding).
Results and discussion
All samples were prepared by co-precipitation of a Co 2+ /Fe 3+ nitrate solution with a basic solution of NaOH as the precipitating agent at constant pH and at a temperature of 60 1C. This constant pH synthesis method has been used for the successful preparation of a number of inorganic compounds. 31, 32 The experimental set up is capable of monitoring the dosing rate, pH, reaction temperature, turbidity etc. A schematic diagram of the set up is shown in ESI † (Fig. S1 ). The variation of pH during the synthesis is shown in ESI, † Fig. S2 , which shows only minor pH oscillations during co-precipitation and no abrupt pH changes during ageing. It can be concluded that fine control over the pH can be achieved by this method. The PXRD pattern of the samples synthesized at different pH values are shown in Fig. 1 . The 111, 220, 311, 222, 400, 422, 333 and 440 peaks, obtained by indexing the PXRD patterns assuming a cubic lattice, match well with that of spinel type cobalt ferrite structure. No indication for crystalline impurity phases was observed. A whole powder pattern fit according to the Rietveld method confirms the presence of a spinel type oxide, but also reveals that the observed peaks show a deviation from the usual Lorentzian shape. Firstly, they have a tendency towards a super-Lorentzian shape (i.e. sharp tips combined with broader tails), which is often an indication of a broad, possibly multi-modal crystallite size distribution. Secondly, the base of the peaks, especially at the lower angle side, exhibits some asymmetry which is not due to instrumental contribution, but due to an inhomogeneous distribution of the lattice parameter. To approximate and parameterize these effects, a second cobalt ferrite phase was added to the refinement model. The refined patterns in Fig. 2 show that upon the addition of the second phase, the experimental patterns can be refined in a satisfactory manner without substantial deviation of the calculated and measured data. Selected parameters obtained from the refinement are given in Table 1 . With this approach, the patterns are simulated by a more crystalline component with narrower peaks and a less crystalline or nanocrystalline component with substantial peak broadening. The nanocrystalline component representing the broad bases of the peaks yields higher lattice parameters (shift to lower angles) than the crystalline contribution forming the peak tips. As the diffraction-based domain sizes for the nanocrystalline form are in the range of 2 nm, we assume that the lattice parameter deviation can be attributed to a crystallite size effect, which results from the different energies of the surface compared to the bulk atoms. Anyway it should be pointed out that the two-phase model is only a simple approximation to a real size-and lattice parameter distribution of unknown nature. 
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Thus, the parameters resulting from the fits should not be expected to be precise. Still, they can be used to reveal trends in the evolution of the crystallite sizes with variation of the synthesis parameters. By comparing the results of the PXRD measurements at different constant pH values, one can conclude that the crystallinity of the samples is dependent on the pH at which the sample is prepared. The Rietveld refinement reveals that in all samples, a combination of crystalline and nanocrystalline phases is present but their ratio is different at different pH values. Crystalline phase formation increases upon increasing the pH up to 11 but further increase to 12 causes a reverse effect. Also, in the nanocrystalline form, the lattice parameter decreases with increasing pH.
To get a better understanding of nanocrystalline and crystalline phase formation, the sample prepared at pH 11 was subjected to heat treatment at different temperatures. From the PXRD patterns of the calcined samples, it is clear that the crystallinity of the sample increases with an increase in calcination temperature (Fig. 3) . The nanocrystalline phase, upon calcination, sinters likely by particle coalescence and forms larger-sized, more crystalline particles. The structural parameters of the calcined samples are shown in Table 2 . The crystalline form of the as-prepared samples has a lower value of lattice parameter compared to that reported in the literature. Upon increase of the calcination temperature, an increase in lattice parameter is observed. The sample calcined at 500 1C shows a very faint nanocrystalline component. Hence the lattice parameter and crystallite size of this component may be unreliable. The sample calcined at 600 1C did not show any nanocrystalline component, whose lattice parameter is very close to that of bulk cobalt ferrite. In other words, the 600 1C calcined sample exhibits more homogeneous distribution which can be fitted with a single peak as a result of sintering and possibly cation re-distribution. Fig. 4 shows the SEM images of cobalt ferrite samples synthesized at different constant pH. The materials consist of fine particles, which are hard to resolve in SEM in agreement with the small domain sizes found by PXRD. These particles form porous aggregates and seem to be finer in case of the sample precipitated at pH 9 in accordance with the higher fraction of nano-crystalline component in this sample. The average SEM-EDX analysis shows that the relative cation At% is in the ratio of 1 : 2 which is in good agreement with the atomic percentage in cobalt ferrite (ESI, † Table S1 ).
The SEM images of the calcined samples (Fig. 5) clearly indicate that the crystallite size increases with increase in calcination temperature. This result also matches well with the PXRD analysis of the calcined samples. The particle morphology was changed to more and more roundish shape. At 600 1C the particle size is in good agreement with the domain size determined by Rietveld refinement of approximately 20 nm as the nanocrystalline portions have vanished. Fig. 6 shows representative TEM images of the sample synthesized at pH 9. Fig. 6a shows an overview at moderate magnification. It can be clearly seen that the sample consist of both bigger crystallites and lots of smaller ones as well. Fig. 6b shows an image at increased magnification and two spots have Fig . 3 PXRD pattern of the sample prepared at pH 11 after different calcinations (A). Enlarged view of (311) peaks (B). 7 shows the TPR profiles of the samples synthesized at different pH. It can be seen that there is one predominant reduction peak for all the samples when the oxide is reduced to the metals. The pH 9 sample shows a T max of this feature of 410 1C. The onset temperature is B320 1C. All profiles have similar shape but the temperature maximum (T max ) is shifted to higher temperature with increasing pH, while the onset temperature remains similar. Interestingly, the T max is directly proportional to the pH of the reaction, i.e. the complete reduction occurs at higher temperature as the pH increases. There is a significant difference in T max of nearly 100 1C between the samples synthesized at pH 9 and 12. The relative amount of nanocrystalline phase in the pH 9 sample is higher compared to that in other samples. 33, 34 Reducing the nanocrystalline domains is expected to be easier compared to crystalline domains. However, this trend is not reflected in the last sample synthesized at pH 12. This may be due to the larger size of the crystalline phase in this sample compared to other samples which might lead to a higher T max . The presence of additional peaks at low temperature and the asymmetric profile indicate that in these samples, there is a superposition of various reduction transformations taking place simultaneously. This prevents us from drawing a clear boundary between each reduction step and makes the exact explanation of the phenomenon difficult. In addition, there are many parameters like composition, method of preparation, reducing gas, etc. which influence the reducibility of the samples. Due to the broad patterns, the elementary steps of Fe 3+ and Co 2+ reduction cannot be distinguished from the TPR curves. 35 The literature suggests that the more easily reducible cations (in this case Co 2+ ) promote the reduction of iron cations which gets subsequently reduced. 34 In the case of spinels the reduction of Fe 3+ which is present in both octahedral and tetrahedral sites to metallic Fe 0 occurs relatively at a much lower temperature compared to Fe 2 O 3 probably due to spillover effect. 36 Co 2+ cation is reduced by hydrogen to the corresponding metal which ''dissociates and activates the hydrogen'' for reduction of the trivalent cation Fe 3+ indicating that the View Article Online presence of cobalt makes the iron easier to reduce. There is also another explanation that reduction of cations from octahedral sites takes place first, followed by the reduction of the cations from tetrahedral sites. 37 The relative intensity of the peaks is different for different samples and shows that there is no clear demarcation between these processes. Fig. 8 shows the relation of BET surface area with pH. Co-precipitation method gives exceptionally high surface area compared to other synthesis methods. Among these, the sample synthesized at pH 9 has a significantly higher surface area compared to others. The present value, 263 m 2 g À1 for pH 9
sample is one of the highest surface area value reported in the literature for a co-precipitated sample. 23, 38 This may be due to the high amount of nanocrystalline phase in the pH 9 sample. The pH 12 sample shows much lower surface area and deviates from the rest of the samples. Fig. 9 shows the N 2 adsorption-desorption isotherms of CoFe 2 O 4 . Mesoporosity of the samples is confirmed by the appearance of a hysteresis. Samples synthesized at pH 9, 10, and 11 (Fig. 4) show the type IV and V shape which is typical for mesoporous adsorbents materials. [39] [40] [41] [42] The shapes suggest that the hysteresis exhibited by these samples belong to the types H2(a) and H2(b) which has a triangular shape. Many inorganic oxides exhibit H2-like hysteresis loops, suggesting that the distribution of pore size and shape is not well defined. This hysteresis is due to the presence of ink-bottle type pores which has smaller entrance and wide body. The sample synthesized at pH 12 shows the hysteresis of type H3 which does not exhibit any limiting adsorption at high p/p 0 . This type is observed for aggregates of plate-like particles giving rise to slit-shaped pores. 42 The catalytic activity of cobalt ferrite synthesized at different pH was studied in CO oxidation reaction. The samples studied are the ones synthesized at pH 9, 10 and 11, for which a clear trend in many properties has been observed. The CO oxidation reaction was investigated at atmospheric pressure and runs up to 4-5 temperature cycles. There was a slight decrease in the activity of the first cycle compared to the remaining cycles. From the second cycle activity remains the same. Fig. 10 shows the CO oxidation activity of the second cycle for pH 9, 10, and 11. Catalytic activity strongly varied between the three samples. 50% conversion was reached for the pH 9 sample at T 50 = 427 K and for the pH 11 sample at T 50 = 487 K. The pH 10 sample achieved 50% conversion at 458 K, which is in between pH 9 and 11. 100% conversion was achieved for the pH 9 sample at 490 K and at 569 K for pH 11. In particular, it is seen that cobalt ferrite synthesized at pH 9 was active at room temperature, while cobalt ferrite synthesized at pH 11 was not. The sample synthesized at pH 9 exhibits a higher specific surface area and a higher content of the nanocrystalline phase. From the catalytical data it can be seen that as the content of the nanocrystalline phase increases the activity also increases. A brief comparison of the CO oxidation activity of oxide based solid powder catalysts is given in Table 3 . From the table it can be concluded that the present catalysts are much more active for CO oxidation compared to the reported values so far. From the above analysis, it became clear that the coprecipitation route can yield cobalt ferrite nanoparticles that are highly active CO oxidation catalysts. A careful microstructural analysis revealed that this high activity is likely related to an easily overlooked nanocrystalline phase. Often, the PXRD analysis is used without paying much importance to the peak profiles. This can cause significant errors to the sample analysis. 12, 23, 24, 26, 28, 38, [43] [44] [45] [46] [47] It was shown that the synthesis pH is a suitable parameter to control the fraction of this nanocrystalline phase. The increased amount of nanocrystalline phase at pH 9 is advantageous for synthesizing samples with a very high surface area.
Conclusions
The constant pH precipitation method has been utilized for the preparation of a series of high surface area cobalt ferrite samples. Precipitation of cobalt ferrite without surfactant leads to the formation of samples with different amounts of crystalline and nanocrystalline contents. The relative amount of these contents can be controlled by variation of the pH during co-precipitation. The quantitative amounts of these crystalline and nanocrystalline contents can be estimated based on Rietveld refinement. TEM and SEM analysis further provide support for the two types of cobalt ferrite. Surface area, reducibility, and catalytic activity were dependent on the relative amount of these phases and were found to increase with the fraction of nanocrystalline cobalt ferrite in the samples. The best catalyst studied here was able to oxidize CO at room temperature. 
